The age at which children master adult-like voiced stops can generally be predicted by voice onset time (VOT): stops with optional short lag are early, those with obligatory lead are late. However, Japanese voiced stops are late despite having a short lag variant, whereas Greek voiced stops are early despite having consistent voicing lead. This cross-sectional study examines the acoustics of word-initial stops produced by English-, Japanese-, and Greek-speaking children aged 2-5, to investigate how these seemingly exceptional mastery patterns relate to use of other phonetic correlates. Productions were analyzed for VOT, f0 and spectral tilt (H1 À H2) in Japanese and English, and for amplitude trajectory in Greek and Japanese. Japanese voiceless stops have intermediate lag VOT values, so other ''secondary'' cues are needed to differentiate them from the voiced short lag VOT variant. Greek voiced stops are optionally prenasalized, and the amplitude trajectory for the voice bar during closure suggests that younger children use a greater degree of nasal venting to create the aerodynamic conditions necessary for voicing lead. Taken together, the findings suggest that VOT must be supplemented by measurements of other language-specific acoustic properties to explain the mastery pattern of voiced stops in some languages.
Introduction
Cross-language differences in the age of children's mastery of adult-like voiced stops are typically explained in terms of the relative difficulty of the laryngeal gestures for the language's voice onset time distributions (VOT, Lisker & Abramson, 1964 ). There are three qualitatively different ranges of voice onset timevoicing lead, short lag, and long lag -and the voicing contrast in most languages uses two of these three ranges. The production of short lag VOT stops requires minimum temporal precision in aligning the oral opening gesture that produces the burst with the glottal gesture that postures the vocal folds for voicing given a sufficient trans-glottal air pressure difference. By contrast, voicing lead, in which the voicing onset occurs before the burst, is difficult to produce because the requisite aerodynamic condition for vocal fold vibration (i.e., lower supra-glottal air pressure than subglottal air pressure) is difficult to maintain when the oral cavity is sealed off by a stop closure gesture (Keating, 1983; Westbury, 1983; Westbury & Parris, 1970; Westbury & Keating, 1986) . Across languages, then, short lag stops in word-initial position tend to be acquired earliest and voicing lead stops tend to be acquired last (Allen, 1985; Clumeck, Barton, Macken, & Huntington, 1981; Davis, 1995; Gandour, Petty, Dardarananda, Dechongkit, & Mukngoen, 1986; Macken & Barton, 1980a , 1980b Pan, 1994) . Thus, in languages such as English, which contrasts so-called ''voiced stops'' that often have short lag VOT values in word-initial position with voiceless stops that always have long lag VOT values, word-initial voiced stops are mastered at a relatively early age (by 2 years, Macken & Barton, 1980a; KewleyPort & Preston, 1974; in babbling, Whalen, Levitt, & Goldstein, 2007) , but in languages such as Spanish, which contrasts voiced stops that have voicing lead in word-initial position with voiceless stops that have short lag VOT values, voiced stops are mastered at a relatively late age (only after age 5, Macken & Barton, 1980b) . Other languages in which stops with contrastive voicing lead have been found to be mastered relatively later than voiceless stops include French (Allen, 1985) , Thai (Gandour et al., 1986) , Taiwanese (Pan, 1994) and Hindi (Davis, 1995) .
While language-specific VOT distributions correctly predict cross-language differences in mastery patterns of voiced stops for most languages, Greek and Japanese seem to be exceptions to the generalization, albeit in opposite ways. Specifically, both Japanese and Greek have been characterized as having a contrast between voiced and voiceless stops in word-initial as well as word-medial position (Fourakis, 1986; Homma, 1980; Kollia, 1993; Shimizu, 1989) . This characterization predicts that voiced stops should be late in both languages, and the prediction is borne out in transcription studies of Japanese-acquiring children. For example, Yasuda (1970) found lower accuracy for /b/ and /d/ relative to /p/ and /t/ in the 100 three-year-olds she tested and Nakanishi, Owada, and Fujita (1972) found similar patterns in the much larger group of 4-year-olds that they tested. Both studies found equal error rates for /c/ and /k/, but these studies were conducted at a time when [F] was in allophonic variation with [c] in the Tokyo dialect. In adult productions today, however, Japanese word-initial voiced stops often have short lag VOT values as in English (Riney, Takagi, Ota, & Uchida, 2007; Takada, 2011) , but a recent transcription study of lingual obstruents (Beckman & Edwards, 2010) suggests that voiced stops are still late-acquired. Conversely, Greek word-initial voiced stops almost always have lead VOT values as in Spanish or French (Arvaniti, 2007; Botinis, Fourakis, & Prinou, 2000) . However, Okalidou, Petinou, Theodorou, and Karasimou (2010) found that 2-yearold Standard Greek-speaking children could produce adult-like lead VOT. Perhaps, in these two languages, the age of mastery of voiced stops cannot be predicted by VOT alone. The current study examines the efficacy of VOT and other acoustic parameters for predicting the mastery pattern of voiced stops in Japanese and Greek.
In Tokyo Japanese today, VOT values overlap between voiced stops and voiceless stops in adult productions. Takada (2004a) found that voiced stops had short lag VOT values especially in younger adult speakers' productions. Takada (2011) reported analyses of VOT values in voiced stops measured in recordings of younger and older speakers made in the early 1990s from around the country and in another smaller-scale survey in 2005, suggesting that a sound change originating in the Touhoku dialects has been spreading south and west over the last half century. This VOT distribution of Tokyo Japanese voiced stops patterns similarly to that of English voiced stops in word-initial position. By contrast, voiceless stops of Japanese differ from those of English in that Japanese voiceless stops have VOT values intermediate between short lag VOT values and long lag VOT values (Riney et al., 2007; Takada, 2011) , while English voiceless stops have long lag VOT values. This intermediate lag VOT was not documented in Lisker and Abramson (1964) , but it has been reported in later studies of VOT distribution in at least two other languages with two-way distinctions -namely, Canadian French (Caramazza & Yeni-Komshian, 1974) and Hebrew (Raphael, Tobin, Faber, Most, Kollier, & Milstein, 1995) -and data reported in Cho and Ladefoged (1999) suggest that there may be other languages with similar patterns of overlap between a category with short lag and a category with intermediate lag VOT values.
The existence of this intermediate lag VOT category has, thus far, always involved a contrast with another category that has at least some short lag values, creating an overlap between two lag VOT ranges. Consistent with Canadian French and Hebrew, VOT alone cannot differentiate Japanese voiced and voiceless stops because there is overlap between the intermediate lag VOT values of voiceless stops and the short lag VOT values of voiced stops. This suggests that other acoustic differences must be needed to cue the voicing contrast in languages such as Japanese. For example, Sundara (2005) showed that the spectral characteristics of stop bursts play a role in disambiguating the voiced stop from the voiceless stop, despite the overlapping VOT in Canadian French. The burst intensity relative to the intensity of the following vowel was significantly higher in voiceless stops than in voiced stops in Canadian French. The questions we address for Japanese, then, are the following. Given that the voiced stops have this short lag variant, why are they not mastered as early as the voiced stops of English? Can the role of these other acoustic properties in differentiating two ostensibly short lag types explain why voiced stops are mastered so late in Japanese?
The questions for Greek are the opposite of the questions for Japanese. Greek-speaking children master voiced stops at very young ages (Beckman & Edwards, 2010; Kollia, 1987; Okalidou et al., 2010) . We speculate that this early mastery pattern of voiced stops in Greek might be due to their amplitude characteristics, which cannot be captured by VOT. Despite the similarity of temporal properties between Greek and other languages that contrast voicing lead and short lag VOT stops, Greek voiced stops are differentiated from those of other languages in terms of the effects on voicing amplitude of the maneuvers used to produce prevoiced stops. For example, supra-glottal air pressure can be vented by making a ''leaky'' oral seal, as in the spirantized variant of Spanish intervocalic voiced stops (Cole, Hualde, & Iskarous, 1999; Lewis, 2002; Romero, 1995) . It also can be vented by opening the velopharyngeal port to some degree and then closing it off just before the release of the oral closure (Iverson & Salmons, 1996; Yanagihara & Hyde, 1966) . In Greek, voiced stops contrast with nasals in word-initial position, but they are optionally prenasalized in adult productions, in a pattern that has been linked to sociolinguistic variation across regional and class dialects, genders, and registers (Arvaniti, 2007; Arvaniti & Joseph, 2000 , 2004 Charalambopoulos, Arapopoulou, Kokolakis, & Kiratzis, 1992) . The existence of such voiced stop variants appears to influence young children's ability to maintain voicing during stop closure so as to produce truly voiced sounds. For example, the Spanish-learning children in Macken and Barton (1980b) consistently substituted the spirantized allophones of voiced stops for their word-initial voiced stops, suggesting that they had adopted a strategy of having a leaky oral seal to overcome the difficult aerodynamics of making a truly voiced stop. The questions we address for Greek, then, are the following. Does the prenasalized variant serve a similar function in allowing children to produce adult-like lead VOT values by opening the naso-pharyngeal port to vent air through the nose? Does the fact that Greek voiced stops are optionally prenasalized help to explain why Greek children can produce adult-like lead VOT values at an early age, as found in Okalidou et al. (2010) ?
The purpose of this study was to explore these explanations for the apparently exceptional patterns of voiced stop mastery in Japanese and Greek. It reports results of two experiments, in which we first compared Japanese to English and then Greek to Japanese.
Experiment I: Japanese and English

Additional acoustic cues in Japanese voiced stops
As noted above, Japanese voiced stops today are similar to English voiced stops in often showing short lag values in wordinitial position. Yet transcription studies suggest that Japanese voiced stops are mastered later than English voiced stops. Studies of laryngeal timing patterns show that the adduction gesture is consistently later for voiceless stops than for voiced stops in English (e.g., Flege, 1982) , but not in Japanese (e.g., Takada, 2004b) . The fact that Japanese voiced stops with short VOT values then overlap with voiceless stops with intermediate VOT values led us to speculate that Japanese-acquiring children need to learn to control other acoustic parameters in addition to VOT in order to differentiate their voiced stops from voiceless stops. The goal of this first experiment, then, was to test the hypothesis that VOT alone differentiates the two voicing categories in English, but not in Japanese.
To test this hypothesis, we examined whether the acoustic properties of voice quality and fundamental frequency (f0) differentiated voiced from voiceless stops in English and Japanese. The f0 value at the onset of the following vowel has been shown to be a cue to the voicing contrast in many languages (Francis, Ciocca, Wong, & Chan, 2006; Haggard, Summerfield, & Roberts, 1981; Hombert, 1977; Hombert, Ohala, & Ewan, 1979; Ohde, 1984) . For Japanese, too, Shimizu (1989) showed that voiceless stops tend to be followed by a significantly higher f0 than voiced stops. An acoustic measure of voice quality might also be useful, given the association between breathy voice and the lax stop series in Seoul Korean, another language that historically was characterized as having a contrast between short lag and intermediate lag VOT values (see, e.g., Holliday & Kong, 2011) . We quantified the difference between modal and breathy voice quality by measuring the amplitude difference between the first harmonic and the second harmonic (H1 ÀH2). Breathy voice quality is associated with a greater H1 À H2 value (Esposito, 2004; Gordon & Ladefoged, 2001; Hanson, 1997; Hanson & Chuang, 1999; Holmberg, Hillman, & Perkell, 1988; Klatt & Klatt, 1990) .
In this section, two cross-linguistic comparisons are made between Japanese and English stops. First, we compare the order of mastery of voiced stops and voiceless stops in English and Japanese based on native speaker transcription. Second, we examine the role of three acoustic parameters (VOT, f0, H1 ÀH2) in differentiating voiced from voiceless stops in the productions of English and Japanese adults and children.
Methods
Subjects
Japanese-and English-speaking children (2;0-5;11) and adults (18;0-30;0) were recruited and recorded in Tokyo, Japan and in Columbus, Ohio, USA, respectively. 51 Japanese children and 50 English children participated, along with 20 Japanese and 15 English adults. Table 1 shows the participants' age distribution. All of the child and adult subjects passed a hearing screening. Adult subjects reported no history of speech, language, or hearing problems. All children had age-appropriate speech and language, based on parent and teacher report.
Materials
Target consonants were word-initial lingual stops in three non-high vowel contexts. For Japanese, the three contexts were /e/, /a/ and /o/. For English, the vowel contexts grouped together vowels with comparable coarticulatory effects (for example, /e/ and /e/ were grouped together into the ''/e/'' context for English; see Edwards and Beckman (2008) for the full list of groups). Three words were selected to elicit the target in each context. The target words were familiar to young children (see Appendix A for the lists of words). Culturally appropriate pictures of the target words were selected as stimuli to help prompt repetitions of the words.
Task and audio stimuli
Target consonants were elicited using a picture-prompted word-repetition task. On each trial, a computer program presented a picture stimulus on the computer monitor and played a recorded audio stimulus naming the picture through an external speaker. Subjects were asked to repeat each word immediately after the audio presentation. Their repetitions were recorded using a flash card recorder, and a cardioid pattern unidirectional microphone. (As noted in Edwards and Beckman (2008) , we chose this method instead of a picture-naming task in order to be able to elicit word productions across a wide range of ages in a uniform way. In traditional picture-naming tasks, live voice prompts are used when the child does not know the word or fails to recognize the intended word from the picture. While there is no clear evidence that repetitions of live voice prompts differ from spontaneously named productions, the lack of uniformity in prompt is a potential confound in a cross-sectional study of age effects.) Audio stimuli were made by recording multiple tokens of each target word produced in a child-directed style by an adult female native speaker of each language. In order to select tokens to be used in the auditory word repetition task, we presented multiple stimulus items in a shadowing task for repetition by five adult native-speakers. Only tokens that were repeated correctly by at least four of five adult speakers were included in the study. Three tokens of each word type were selected as stimuli. A Latin square design was used for selecting which tokens of each word type were included across participants. The adults used for stimuli selection were not included in the production tasks described below.
Analysis
Transcription analysis
A trained native-speaker transcriber coded all productions of word-initial stop consonants as correct or incorrect. Although the transcriber could listen to the entire word, she was instructed to focus on the initial consonant-vowel sequence to minimize lexical effects on accuracy judgments. When tokens were judged as incorrect, the transcriber provided an alphabetic transcription of those productions. While non-plosive productions were regarded as errors, place of articulation errors were ignored for the current analysis, as long as the voicing categories were correct. For example, [c] or [dW] for a target /d/ in English was counted as correct for voicing despite the error in the place of articulation. We excluded tokens that were deletions, distortions or non-plosive productions from the analysis. Table 2 summarizes the distribution of tokens that were selected for analysis.
Acoustic analysis
VOT was measured by subtracting the time of the burst from the time of the first indication of voicing, as evident from the voicing bar in the spectrogram, as well as a visible initiation of the first regular cycle of periodicity in the waveform. The f0 was measured by taking the reciprocal of the interval between two neighboring pulses at 20 ms after the voicing onset. The glottal pulses were automatically detected using the pulse function in Praat (this is an autocorrelation-based periodicity detector). The analysis window was taken at 20 ms after the voicing onset instead of immediately at the voicing onset because it was observed that the function was more reliable (had a higher correlation coefficient) several glottal pulses after the exact onset of voicing. We used H1À H2 as our spectral tilt measurement. It was measured by subtracting the amplitude (in dB) of the second harmonic from the amplitude of the first harmonic in the Fast Fourier Transform spectrum generated based on a 25 ms long Hamming window beginning at the voicing onset. The frequency location of the first harmonic was automatically detected by Praat, and then the researchers checked the precise frequency locations for the first and the second harmonic in a token-by-token manner so that DC noise and A1 (the amplitude of the first formant) would not be mistaken as H1 and H2, respectively. There were instances in which there was no clear second harmonic because the spectral roll-off was so extreme as to cause 0 dB SNR or even negative SNR at the frequency of that component. For these tokens, the frequency at twice the first harmonic was regarded as the frequency of the second harmonic, and the amplitude at that frequency location was taken as H2. (Including these tokens yields a more conservative estimate of the effect size by over-estimating the amplitude of the second harmonic for extremely breathy tokens.)
Statistical analysis
First, we used a mixed effects logistic regression model to predict the log odds of accuracy as a function of the child's age. The stop voicing categories (i.e., voiced vs. voiceless) were entered as another predictor. The model allowed the intercept to vary according to each speaker. We also evaluated the effects of each acoustic parameter using a mixed effects logistic regression model. The log of the odds of a production being a voiceless stop was predicted by the three acoustic parameters (VOT, H1ÀH2 and f0). The slope of the VOT parameter was allowed to vary at the individual speaker level. The significance of the effect of each predictor was tested via the deviance test. The improvement of a model-fit can be evaluated through the change in deviance given the number of parameters added to the base model (Raudenbush & Bryk, 2002; Snijders & Bosker, 1999) . To carry out the deviance test, three variations of the logistic regression models were created as expressed in Eq. (1a), (1b) and (1c). Each of the latter two models was compared with the base model (Eq. (1a) ) to estimate the change of deviance resulting from the added parameter. In other words, the comparisons of each model fit to the base model, which has VOT as the only predictor tells us whether the added acoustic parameter (H1À H2 or f0) is a redundant variable to the model in which the voicing contrast is explained. In addition, we calculated the percentage of correctly predicted categories by each model. If complex models with H1ÀH2 or f0 do not yield higher percentages of correctly predicted categories than the base model, then this result suggests that the additional parameters are redundant to VOT.
The effect size of each explanatory variable was quantified by referring to the coefficients (b 1 , b 2 y) of the mixed effects logistic regression. The model estimated the fixed effect variables that were significant in the deviance test with random slopes of each variable at each speaker level. The greater the absolute value of the coefficient, the greater the role of the parameter in explaining the dependent variable. To remove the magnitude differences among measurement units (millisecond, decibel and hertz), the three acoustic parameters were standardized using a z-score transformation before fitting the regression models. The only difference in the models of the adults' productions and the children's productions was that the adult-speaker models used the target categories (e.g., /d, c/ versus /t, k/) as the dependent variables, whereas the child-speaker models used the transcribed categories (e.g., [d, c] versus [t, k] ) as the dependent variables.
(a) Base model (VOT-only) log =voiceless:stop= 1À=voiceless:stop=
(b) f0 model (f0 added to the base model) log =voiceless:stop= 1À=voiceless:stop=
(c) H1 ÀH2 model (H1 ÀH2 added to the base model) log =voiceless:stop= 1À=voiceless:stop=
Results
Transcribed accuracy
There was a difference in the production accuracy pattern of stops between Japanese and English, as shown in Fig. 1 . Consistent with prior findings from longitudinal studies (Macken & Barton, 1980a; Zlatin & Koeigsknecht, 1975 ) and cross-sectional norming studies (Smit, Hand, Freilinger, Renthal, & Bird, 1990) , both voiced and voiceless stops of English were produced by children with more than 75% voicing accuracy before 24 months. Japanese voiceless stops also have more than 75% voicing accuracy even before 24 months. However, Japanese voiced stops had a lower voicing accuracy than voiceless stops in the same age range as indicated by the regression curve from the mixed effects logistic regression model. This lower accuracy for Japanese voiced stops follows the earlier cross-linguistic findings of later mastery of 'true' voiced stops in Spanish (Macken & Barton, 1980b) , French (Allen, 1985) and Thai (Gandour et al., 1986 Similar to English, Japanese voiced stops have two variants, a voiceless unaspirated variant (with short lag VOT) in addition to 'true' voiced stops with lead VOT values (the right panels of Fig. 3 ). 79.92% (309/418) of voiced stops had short lag VOT values so that again, fewer than a quarter were 'true' voiced stops. The pattern is consistent with the findings in Takada (2004a Takada ( , 2011 . This variation in Japanese voiced stops appears to be associated with gender, in that 11 prevoiced tokens (out of 13 in total) in the females' productions were made by only three female speakers, whereas only two male speakers produced a majority of voiced targets with short lag VOT values.
In contrast to English, Japanese voiceless stops have intermediate lag VOT values that are between those of English voiceless stops and voiced stops. No clear-cut boundary was found between voiced stops and voiceless stops in Japanese along the VOT continuum, when productions of all speakers were combined. The wide range of the interval of overlap between voiced and voiceless stops in Japanese reflects both the intermediate VOT values of voiceless stops (3-94 ms) and the presence of voiceless variants of voiced stops (0-56 ms).
The middle panels of Figs. 2 and 3 are histograms of the f0 values 20 ms after vowel onset for the two stop voicing categories in English and Japanese. A common pattern was that voiceless stops in both languages tended to have higher f0 values than voiced stops. This pattern was observed for stops produced by both males and females.
The rightmost panels of Figs. 2 and 3 show the distributions of the breathiness measure for English and Japanese speakers. While English H1 À H2 values for female speakers were higher than those for male speakers, H1 À H2 values for voiceless stops for both males and females were greater than those for voiced stops. Similarly, in Fig. 3 for Japanese, H1 ÀH2 values for voiceless stops were generally higher than those for voiced stops across both male and female speakers. Table 3 summarizes the results of the deviance tests, in which each of two different mixed effects logistic regression models with multiple parameters (Eq. (1b) and (1c)) was compared to a simpler model, which had only the VOT parameter (Eq. (1a)) to test the efficiency of added acoustic parameters. For the English adult productions, it was not meaningful to carry out the loglikelihood ratio test between the base model (VOT-only) and the models that also contained either f0 or H1 ÀH2, because the base model with VOT alone could yield an almost perfect fit. That is, the base model predicted the target categories with an accuracy of 100%. Therefore, VOT was sufficient to separate the voiceless stops from voiced stops in English.
In contrast, the base model in Japanese did not predict the target categories with perfect accuracy, and there was an even lower accuracy rate for females (80.6%) relative to males (88.5%). There was a significant contribution of the two acoustic parameters (H1 ÀH2 and f0) to the prediction of stop voicing categories in Japanese. The addition of f0 or H1 À H2 to the base model for Japanese-speaking females' productions yielded significant log-likelihood ratio differences, increasing the accuracy of model prediction of the target categories to 90% and 84%, respectively. For Japanese-speaking males' productions, the addition of H1 À H2 (but not f0) to the VOT model resulted in a significant change in the log-likelihood ratio. This model correctly predicted 91.3% of the two voicing categories. These results indicate that H1 ÀH2 and f0 were not redundant factors in the model that differentiates voiceless stops from voiced stops in Japanese. It is noted that even higher percentages of correctly predicted categories were obtained when logistic regression models were made separately for individual speakers. When the model just had a VOT predictor, there was only one individual's model (out of 10 female adults' models) that had more than 90% accuracy of model prediction. The addition of f0 and H1 À H2 to this VOT model increased the model prediction accuracy in nine female individual models. As a result, eight individual female models out of 10 females had at least 92% accuracy of model prediction (100% in three individual models). There were five male speakers' individual models with more than 92% prediction accuracy with VOT predictor alone (100% in four individuals' models). When VOT, f0 and H1-H2 were predictors, the increased accuracy of model predicted categories were observed in five male individuals' models. In the end, there were seven male individuals' models of more than 92% prediction accuracy. This suggests that there are substantial inter-individual differences in how Japanese adults carve up the acoustic dimensions for the stop voicing contrast.
The coefficients for each of the acoustic parameters from the mixed effects models in English and Japanese base models are presented in Table 4 and Fig. 4 . It can be observed that the VOT coefficient was significantly greater in English than in Japanese, as shown by the steeper shape of the fitted regression curve for English in Fig. 4 . Table 4 also presents the coefficients of H1 À H2 and f0 parameters as well as VOT estimated in Japanese males' and females' models. While the coefficients of VOT were greatest in both models, the coefficients of f0 and H1 À H2 in females' model were relatively higher than in males' model. The relative effects of these parameters are illustrated by steepness of slopes in Fig. 5 .
2.4.2.2. Children's productions. Fig. 6 shows histograms of the VOT values for target voiced and voiceless stops produced by Englishand Japanese-speaking children, separated into four different age groups. In English (the left panels), the voiced stops were clustered in the short lag VOT range and the voiceless in the long lag VOT range. The youngest children showed more variability. That is, in the graphs for the English-speaking 2-year-olds, some voiced stops are realized with long lag VOT values and some voiceless stops are realized with very long lag VOT values, resulting in a less peaky distribution, and a somewhat greater median VOT value for the voiceless stops.
The VOT values of voiced stops in children's productions patterned similarly between English and Japanese. As in the English voiced stops, a majority of the Japanese voiced stop targets were realized with short lag VOT values. The one difference to the adult pattern was that there was no gender-related pattern of boys producing more tokens of the lead VOT variant for the voiced stops. The voiceless stops had only slightly longer VOT values overall, but there were different degrees of overlap between the target voiced and voiceless stops across the four age groups. Older children appeared to make a better separation between target voiced stops and voiceless stops than younger children. Table 5 summarizes the output of the deviance tests for the Japanese-speaking children's productions. The complex models with H1 À H2 or/and f0 included additional predictors had significantly different log-likelihood ratios from that of the base model (VOT-only). The base model predicted 82.9% of the transcription categories correctly. When H1 ÀH2 or f0 or both were added as a fixed variable, the prediction accuracy improved: 84.7% (H1 À H2 only), 85.2% (f0 only) and 87% (both). Similar to the findings for the Japanese-speaking adults' models, logistic regression models for individual children had higher prediction accuracy. There were 12 individual models with more than 90% of prediction accuracy when the predictor was VOT only. When H1 À H2 or/and f0 were added to each individual's models, 26 individual models had at least 90% prediction accuracy. This pattern contrasts strikingly with the pattern for the Englishspeaking children, where the base model alone predicted 93.7% of the transcription categories, and adding f0 and/or H1 À H2 did not improve the prediction accuracy rate. Fig. 7 further illustrates the relative effects of VOT, f0 and H1 À H2 in differentiating transcribed voiceless stops from voiced stops in both languages. These effects are represented by the fixed effect coefficients of the mixed effects logistic regressions in Japanese-and English-speaking children's productions. Those regression models included all three acoustic parameters (VOT, f0 and H1 À H2) as fixed effects. While the coefficients for VOT Fig. 5 . The estimated probability of the stops being voiceless or voiced with respect to VOT, f0 and H1 À H2. The overlaid curves were the model fits of the mixed-effects logistic regression models of Japanese-speaking females' and males' productions. Each data point indicates the proportion of voiceless stops for a given acoustic value produced by individual speakers. The size of data points indicates how many tokens by a speaker belong to the probability. The estimated probability of '1' indicates voiceless stops, whereas '0' indicates voiced stops. The exact coefficient values are shown in Table 4 . were greatest among the three acoustic parameters in both Japanese and English, the ratio of the VOT coefficient to the f0 and H1 À H2 coefficients was greater in English than in Japanese. This is illustrated in Fig. 7. 
Discussion
In Experiment I, we examined the acoustic characteristics that differentiate voiced and voiceless stops produced by English-and Japanese-speaking adults and children. Adult productions of Japanese voiced stops differed from English ones in that the VOT values for the many short lag variants overlapped with the intermediate VOT values of Japanese voiceless stops. This greater overlap between the two categories left considerably more room for H1 ÀH2 and f0 to play a role. The VOT realizations for voiced and voiceless stops produced by Japanese-speaking children patterned similarly to those produced by adult speakers of the language, except that they lacked any gender effect. Also, whereas the English native speaker's voicing judgments for the Englishspeaking children's stops were predicted very accurately by their VOT values alone, with no role for the other parameters, the Japanese native speaker's transcriptions of the Japanese children's stops were predicted less accurately by VOT values, and prediction accuracy improved to be nearly as high as for the English speaking children's productions only when f0 and H1 ÀH2 values were added to the models.
These differences suggest that stops produced by an Englishacquiring child will be judged as accurate in voicing as soon as the Table 5 The output of deviance tests between the models and parameter estimation (the fixed effect coefficients) of the mixed effects logistic regression models for children's productions. child has achieved a sufficiently adult-like differentiation in VOT values. Stops produced by a Japanese-acquiring child, one the other hand, will be judged as correct only when the child has achieved sufficiently adult-like differentiation of secondary cues such as H1 ÀH2 and f0 as well. Thus, the late mastery of Japanese voiced stops, despite their short lag VOT values, might be explained, at least in part, by this language-specific use of other acoustic characteristics in differentiating voiced stops from voiceless stops. It should be noted that it is also possible that the greater variability in the input (with some adults producing voiced stops produced as prevoiced and others as short lag) also contributes to the later mastery of voiced stops in Japanese relative to English. However, phoneticians have only recently noted this sound change in progress (see Takada, 2011) , which may be related to the rapid urbanization since the 1950s and massive in-migration to the Tokyo area of workers from the Touhoku region. That is, the shift in VOT values for the initial voiced stops seems to be the spread of a pattern that was attested first in dialects to the north of Tokyo. The shift in the Tokyo dialects may be related to the much better documented change in the sociolinguistically marked position-specific nasal realization of /c/ in urban Tokyo dialects (see, e.g., Hibiya, 1995) . That is, in the 1980s, older speakers and speakers from Shitamachi (the working class and lower-middle class wards in the eastern part of the Tokyo metropolitan area) produced a nasal variant of the velar stop in word-medial position, and produced the ''hard'' stop variant only in word-initial positions. The second author's own casual observations in the early 1980s suggested to her then that some speakers (particularly Shitamachi speakers) had a comparable allophonic variation for /d/ between a weak fricative variant in word-medial position and a ''hard'' voiced stop in initial position. The age-grading noted in Takada (2004a Takada ( , 2011 suggests that the lag VOT variant today is a further extension of this ''strengthening'' of the word-initial allophones reinforcing a ''dialect borrowing'' of the Touhoku pattern. However, until we have more information about the social demographics of this more recent change, it is premature to speculate further about the effect of this variation on children's acquisition of the voiced stops today.
Experiment II: Greek and Japanese
Measuring nasality in Greek voiced stops
While VOT plays an important role in differentiating voiced stops with lead VOT from voiceless stops with short lag VOT in Greek, the temporal measure of VOT cannot be used to describe prenasalization. Burton, Blumstein, and Stevens (1992) found that phonemically contrastive voiced stops, prenasalized stops and nasals in Moru were distinguished by their amplitude characteristics. When the amplitude trajectories during the voicing bar of voiced and prenasalized stops and the nasal murmur of nasals were compared, the two types of stops were distinguished from nasals by lower amplitude energy either throughout the closure or in an interval of some duration just before the burst, and prenasalized stops were distinguished from oral voiced stops by the higher energy of the nasal murmur during at least the earlier part of the closure. In other words, prenasalized stops are characterized as having higher (nasal-like) amplitude at the beginning and lower (voiced stop-like) amplitude at the end. As Chan and Ren (1987) , Gordon and Maddieson (1999) , Demolin, Haude, and Storto (2006) , and others have pointed out, prenasalized stops may vary in the extent to which amplitude is high at the beginning and/or lowered at the end, resulting in a continuum of types from ''hyper-voiced stops'' (Iverson & Salmons, 1996) to ''post-stopped nasals'' (Chan & Ren, 1987) . Arvaniti and Joseph (2000) also note considerable variation in the realization of voiced stops in Greek, with the ratio of the nasal part to the oral part at the end varying between and even within speakers.
In the second experiment, we aimed to uncover acoustic evidence of some degree of prenasalization of Greek voiced stops by making a within-language comparison of voiced stops to nasal consonants in Greek and then by making a cross-linguistic comparison to Japanese voiced stops and nasals. First, we hypothesized that the high incidence of prevoicing will be related to the option of nasal venting in prenasalized stops. If Greek voiced stops are prenasalized, we predict that Greek-speaking children will produce many voiced stop productions with lead VOT values because nasal venting during the closure provides a favorable aerodynamic Fig. 7 . The estimated probability of the transcribed voiceless stops vs. voiced stops with respect to VOT, f0 and H1-H2. The overlaid curves were the model fits of the mixed-effects logistic regression models of English-and Japanese-speaking children's productions. Each data point of the scatter plots indicates the proportion of voiceless stops for a given acoustic values produced by individual speakers. The estimated probability of '1' indicates the production was transcribed as voiceless, whereas '0' indicates that it was transcribed as voiced. The exact coefficient values are shown in Table 5. condition for prevoicing. By contrast, the low frequency of prevoiced tokens in Japanese is most likely related to Japanese children and adults not using nasal venting when producing prevoicing in voiced stops. This direct comparison between voiced stops and nasals assesses whether Greek voiced stops acoustically resemble nasals more than Japanese voiced stops do.
Methods
Subjects
Child (2;0-5;11) and adult (18;0-30;0) subjects were recruited in Tokyo, Japan, and Thessaloniki, Greece. 93 Greek and 80 Japanese children and 6 Greek (three male and three female) and 20 Japanese (10 male and 10 female) adults participated in the task. The Japanese adult participants were the same speakers as in Experiment I; the Japanese child speakers were the 51 speakers from Experiment I along with an additional 29 Japanese children. Table 6 shows the child subjects' age distribution. Adult subjects reported no history of speech, language, or hearing problems. Both adult and child subjects passed a hearing screening. All children had age-appropriate speech and language, based on parent and teacher report.
Materials and tasks
Voiced stops and nasals were elicited in word-initial position in real words. Target consonants included /b/, /d/, /m/ and /n/ (only /d/ and /n/ were elicited from Japanese adults). The sets of words for children and adults were not completely identical, although the target words overlapped between these two participant groups in Greek because the set of words for children was a subset of the words elicited from adults (see Appendix B).
The children's productions were elicited using a picturenaming task. If a given picture failed to cue the target word, the researcher directly asked the children to repeat after the researcher's voice prompt. The adults did a slightly different task from the children. Greek target consonants were collected from a word-reading task presented on a computer screen, whereas Japanese target consonants were collected from the word-repetition task described in Experiment I. The productions by children and adults were digitally recorded using a unidirectional microphone. Experimenters were native speakers of the target languages. Tables 7 and 8 provide the distributions of tokens collected from adults and children.
Acoustic analysis
The duration and amplitude characteristics were measured in the voicing lead interval for the voiced stops and in the nasal murmur for nasals. The duration was measured based on the interval between the two acoustic landmarks of prevoicing onset and burst. The prevoicing onset was determined based on the first evidence of periodicity in the waveform, and burst was defined as the first spike of aperiodic energy. For nasal consonants, the beginning of the nasal murmur was considered the onset of the nasal (analogous to the onset of prevoicing in a voiced stop) and the boundary between the nasal and the following vowel was considered the offset of the nasal (analogous to the burst of a voiced stop). We will refer to this offset location as the burst in discussing both cases for expository convenience. Therefore, the duration of the voice bar in voiced stops (i.e., the absolute value of the VOT) corresponds to the duration of the nasal murmur in the nasals.
Amplitude values over the voice bar and the nasal murmur were extracted to describe the energy trajectory. Replicating Burton et al. (1992) , there were as many amplitude values as periods in the interval starting at the burst and extending to the onset of prevoicing. Each of the amplitude values was measured by taking the first peak amplitude in the FFT spectrum made from a 6 ms Hamming window centered at the glottal pulse for that period. The vowel amplitude was measured to normalize the amplitudes measured in the nasal murmur or voicing lead. The amplitude of the vowel was obtained by measuring the amplitude of the first harmonic in the spectrum of a 25 ms analysis window, which started at the third pulse after the burst, as suggested by Burton et al. (1992) .
Statistical analysis
These time-series amplitude values were entered into a mixed effects regression model as the dependent variables. Because absolute duration and f0 (and hence the number of periods) were not constant across productions, we used the amplitudes at five proportional locations-80%, 60%, 40% and 20% of the whole Table 6 The age distribution of Greek and Japanese child subjects.
Language Gender 2; 0-2; 11 3; 0-3; 11 4; 0-4; 11 5; 0-5; 11 Total (31) 38 (34) 60 (53) 49 (48) 137 (44) 150 duration, and the burst location. (We also measured the amplitude at the beginning of the voice bar or nasal murmur, and included that measurement point in figures. We excluded the beginning value in the statistical analysis, so that the abrupt amplitude rise observed in utterance initial position for both types does not dominate the curve fit.) In the regression model, this dependent variable of normalized amplitude was explained by the factor of time (i.e., the five distinct proportional locations).
Since the amplitude trajectories turned out to have curvilinear shapes, it was necessary to include orthogonal polynomial parameters up to the third order (i.e., linear, quadrant and cubic terms) as fixed effects (Barr, 2007; Raudenbush & Bryk, 2002; Singer & Willett, 2003; Snijders & Bosker, 1999; Mirman, Dixon, & Magnuson, 2008) . Each term of the orthogonal polynomial time parameters captures a different component of the curve shape. The linear term describes the slope of the curve, and the higher order polynomials describe the symmetric (quadratic or second order) and asymmetric (cubic or third order) peaks/valleys of the curve. The regression model had random effects for both tokens and speakers. The effects of each orthogonal polynomial term were assessed by the deviance test as described in experiment I. We used the fixed intercept model as a base and then we added each polynomial term to the set of fixed effect variables in order to estimate the amount of improvement for each additional parameter relative to the base model. The sign and magnitude of the coefficients of the three polynomial parameters indicate the direction and rate of excursion of the curve.
Results
3.3.1. Greek and Japanese adult productions 3.3.1.1. Duration. Greek voiced stops produced by adults had voicing lead in most cases regardless of gender. 94.3% (215 out of 228) of Greek voiced stops were produced with a voicing bar in the adult productions. Fig. 8 (top panels) shows the histograms of stop voice bar duration separated by gender. The mean durations of the voice bars of voiced stops (/b/ and /d/) produced by female speakers were 102 ms and those by males were 57 ms.
In contrast, Japanese voiced stops were realized with voiceless variants (short lag VOT values) as well as with prevoiced variants (lead VOT values), as reported in Riney et al. (2007) and Takada (2004a) . When separated by gender, 10.4% (22 out of 210) of females' voiced stops and 43.8% (92 out of 210) of males' voiced stops had lead VOT values. Fig. 8 (bottom panels) shows the duration distributions of Japanese voiced stops separated by gender. The mean duration of the voice bars of /d/ produced by male speakers was 57 ms, and the mean duration of /d/ by females was 37 ms. On average, the voice bars of Greek voiced stops were longer in duration than those of Japanese voiced stops.
3.3.1.2. Amplitude trajectory. Figs. 9 and 10 plot medians and confidence intervals of successive amplitudes measured over the voicing bar of voiced stops and the nasal murmur of nasals separated by speaker. Across all of the Greek adult speakers' amplitude curve patterns, nasals were consistently different from voiced stops at the burst region (x¼0, rightmost side of the curve) by having greater amplitude than voiced stops. The nasal murmur amplitude trajectories have a gradual increase over time without abrupt amplitude fluctuations toward the end. The mean amplitude just before the burst with reference to the amplitude of the following vowel was À 5.29 dB (standard deviation¼ 73.52) for nasals as compared to a mean of only À 22.2 dB (standard deviation¼ 76.08) for voiced stops when averaged across speakers.
In contrast to the consistent shape of the nasal murmur amplitude trajectory, the prevoicing of Greek voiced stops showed several different patterns of amplitude trajectory across the six Greek adult speakers. The difference was primarily at the beginning of the voice bar. Speaker gtf07 in the top center panel of Fig. 9 , for example, began her voiced stops with energy as high as her nasals followed by an energy decrease over time toward the burst. For speaker gtm08 in the bottom right panel of Fig. 9 , on the other hand, voiced stops began with energy lower than in his nasals, and he maintained this same amplitude difference throughout the voicing bar. The other Greek adult speakers showed amplitude trajectories similar either to that of speaker gtf07 or of speaker gtm08, with minor variations in the relative amplitude at the initial region of the voicing lead. Despite the variation in the amplitude at the initial portion of the voiced stops, the amplitude of the voicing lead in Greek voiced stops near the burst was consistently distinctively lower than that of the nasal murmur in the nasal consonants.
From their match to the description of amplitude changes over the voicing lead and the nasal murmur in Burton et al. (1992) , it appears that Greek voiced stops have the amplitude characteristics of prenasalized stops; they have high amplitude at the beginning, as in an interval of nasal murmur, but a lower amplitude in some interval before the burst. The varying degrees of similarity of the initial portion of the voicing lead of Greek voiced stops to nasal murmurs suggests that Greek voiced stops are prenasalized to varying degrees depending on the speaker.
The amplitude trajectories of the voice bars in the Japanese voiced stops and of the nasal murmurs in the nasal consonants are shown in Fig. 10 . Only male productions were analyzed since females produced few voiced tokens with prevoicing. The Japanese nasal amplitude characteristics were congruent with those of the Greek nasals in that the amplitude of the Japanese nasal murmurs gradually increased over the murmur. However, compared to amplitude characteristics of Greek nasals, the overall energy of individual speakers' nasals was more variable in Japanese. The normalized nasal murmur amplitude just before the burst was, on average, À4.3 dB (standard deviation¼ 72.3 dB), which was consistently higher than the amplitude of the voice bar just before the voiced stop burst (mean¼ À20.2 dB, standard deviation¼ 75.2 dB).
The amplitude curves of the Japanese voiced stops patterned slightly differently from those of the Greek voiced stops for these adult speakers in that no individual speaker showed steep amplitude falls. Instead, the amplitude curves of voice bars in the Japanese voiced stops either decreased gradually or were at a sustained level parallel to the amplitude trajectories of the nasal murmurs. In either case, the initial amplitude values in the voiced stops were consistently lower than in the nasal murmurs.
3.3.1.3. Mixed effects models of amplitude trajectory. The amplitude trajectories of the Japanese and Greek voiced stops were quantified by a mixed effects regression model. As described in Section 3.2.4, the orthogonal polynomial time parameters were the explanatory variables of the regression and we used only the final 80% of the curve duration. That is, we removed the initial 20% of the amplitude signal (the data points aligned with '0' in Figs. 9 and 10) so that the overall shape of the amplitude trajectory was not mischaracterized by the abrupt amplitude rise, which presumably occurs in utterance initial position. Fig. 11 shows both the group (fixed effect) and individual-level (random effect) model fits for the amplitude trajectories of voiced stops and nasals produced by Greek-and Japanese-speaking adults. The effects and the coefficients of the model parameters are summarized in Table 9 . Fig. 11 . Model-fits for the amplitude trajectories of voiced stops and nasals produced by Greek-speaking (left) and Japanese-speaking (right) adults. Time (proportional values of the total duration) is shown on the x-axis and sound pressure (normalized with respect to the amplitude of the following vowel) is shown on the y-axis. The averaged linear slopes are drawn in thick lines, and the speaker-level variations of the linear slopes were overlaid to show the individual differences observed in Figs. 9 and 10.
Table 9
The output of deviance tests and the parameter estimations: adult productions of nasals and voiced stops in Greek and Japanese (bold indicates p o 0.05). The amplitude curves for productions of voiced stops for both Greek and Japanese had significant linear and quadratic components. The negative signs of the coefficients for the first order term capture the gradual overall energy decrease with time. Despite the similarity in the overall curve shapes of the averaged model-fits, there were differences between the Greek and Japanese voiced stops in terms of the degree of amplitude fall in individual speakers' productions, as shown in Fig. 11 . Specifically, the Greek-speaking adults had much greater individual differences in the linear slope coefficients than did the Japanese-speaking adults. The estimated slopes for the Greek speakers ranged from À8.4 (very steep downtrend) to 1.92 (almost flat or gradual increase) with an estimated s of 4.65, whereas the estimated slopes for the Japanese speakers indicated more or less shallow downtrends ranging from À4.75 to À2.73, with an estimated s of only 1.23. Also there was a subtle difference between the Greek and Japanese voiced stops in terms of the effect of a higher order polynomial term in the trajectory models. The important thing to consider in Table 9 is whether the cubic component of the model was significant for the voiced stops. The cubic component was significant for Greek voiced stops, but not for Japanese voiced stops. A significant cubic component indicates an asymmetric curve and a positive sign of the estimated coefficient indicates that the curve was skewed during the onset portion of the amplitude trajectory (i.e., a curve beginning with a skewed rise followed by a fall). This positive cubic component of the curve indicates that there was additional amplitude during the first part of the voicing bar where there was nasal energy. This is observed for the Greek, but not the Japanese, voiced stops.
Another difference emerges when the models for the voiced stops are contrasted with the models for the nasal consonants.
Whereas the voiced stops showed more individual variability for the Greek speakers, the nasals showed more individual variability in the Japanese speakers. Specifically, there is a great deal of variability in the overall level of energy in the Japanese nasals as contrasted to consistently high energy in the Greek nasals in Fig. 11 . However, despite the difference in the speaker-level variations, the averaged models for the nasal consonants were highly similar between Greek and Japanese, in that for both languages, the effects of the linear and quadratic terms were significant in explaining the amplitude trajectories during nasal murmurs. The positive signs of the coefficients of the linear terms for the two languages suggest that the amplitude curves of nasals linearly increase as they approach the burst.
3.3.2. Greek and Japanese children's productions 3.3.2.1. Duration. In Greek, 84.7% (72 out of 85) of girls' voiced stops and 82.2% (74 out of 90) of boys' voiced stops were produced with prevoicing in word initial position. In each age group, the occurrence of prevoiced voiced stops was generally high (85.7%, 79.1%, 87.5% and 81.8% in the 2 $5-year-old groups, respectively). The left panels of Fig. 12 show the distributions of the durations of the voicing interval for voiced stops (i.e., VOT) and of the nasal murmurs of nasals in Greek separately by group. The right panels of Fig. 12 show the histograms of the durations of the Japanese voiced stops and nasals. Unlike the voiced stops produced by Greek children, very few voiced stops produced by Japanese children were produced with prevoicing in word-initial position. Only 29.3% (32/109) of girls' voiced stops and 24.5% (27/110) of boys' voiced stops were prevoiced. The voiced stops Fig. 12 . The VOT values of the voice bar in word initial position by Greek-speaking (left panels) and Japanese-speaking children (right panels) separated by age group (2;0-5;11). and nasals produced by children in both languages mimic the adult patterns in that more Greek voiced stops were prevoiced than Japanese voiced stops. Japanese children rarely produced voice bars in their voiced stops, whereas Greek children almost always produced voiced stops with voicing leads.
3.3.2.2. Amplitude trajectory. Fig. 13 shows the trajectories of the median amplitude values of the voice bar of voiced stops and of the nasal murmur of nasals produced by Greek children (left panels) and Japanese children (right panels). Similar to Greek-and Japanesespeaking adult productions of nasals, the amplitude curve of nasal murmur in nasals produced by Greek children lacked abrupt amplitude changes during the murmur. This was true for all four age groups. The amplitude of nasals immediately before the burst location (x¼0) was higher than the amplitude of voiced stops, although the difference between the two consonant types was smaller than the difference in adult productions. The mean normalized amplitude just before the burst location was À 8.6 dB (standard deviation¼ 75.1 dB) for nasals and À 13.6 dB (standard deviation¼ 76.1 dB) for voiced stops in Greek children's productions.
The amplitude trajectories of Greek children's voiced stops differed from those of the Greek adults' in that the amplitude stayed high or showed only a very gradual decrease in amplitude over time. That is, even for the oldest children, the amount by which the amplitude dropped as the burst approached was smaller, resulting in less differentiation between the amplitude of voiced stops and nasals at the burst region, as noted above. This amplitude pattern over time suggests that many of the Greek children's voiced stops have a strong nasal quality throughout the voicing lead interval. The duration of nasality during the voicing lead varied such that some voiced stops had a prenasalized property at the initial portion of the voicing lead, and many others had a fully nasal-like quality over the entire duration of the voicing lead. Therefore, Greek children's voiced stops are characterized either as strongly prenasalized voiced stops or as poststopped nasals. Note that even the most nasal-like productions of /d/ had clear bursts, which distinguished them from /n/, and the Greek-speaking phoneticians who reviewed the stops were consistent in identifying them as stops rather than nasals.
The right panels in Fig. 13 show the amplitude trajectories of Japanese children's nasals and voiced stops. Across all four age groups, the amplitude of the nasal murmurs gradually increased just as in the nasals produced by Japanese and Greek adults. Immediately before the burst, the amplitude of the nasals was consistently higher than that of voiced stops where the amplitude means were À 9.01 dB (standard deviation¼ 74.7 dB) for nasals and À16.6 dB (standard deviation¼ 76.5 dB) for voiced stops.
The amplitude trajectory patterns of the Japanese children's voiced stops was different from that of the Greek children's voiced stops in that the amplitude values of the Japanese children's voiced stops were lower than those of the nasals over all frames. Unlike Greek children's voiced stops, the amplitude rarely rose in the middle of the voicing bar nor did it decrease as the burst approached. The amplitude of the Japanese children's voiced stops remained relatively level over the duration of the voicing lead, and this level was lower than the amplitude of the nasals from the beginning of the voiced stops. Although the initial amplitude of the Japanese children's voiced stops was closer to the amplitude of their nasals, the amplitude of their voiced stops was clearly lower than that of their nasals immediately before the burst. This difference in amplitude between voiced stops and nasals increased with age for the Japanese-speaking children.
3.3.2.3. Mixed effects model of amplitude trajectory. The amplitude trajectories of the children's nasals and voiced stops were described by the orthogonal polynomial factors in the mixed effects regression model as summarized in Tables 10-12 . The model-fits for the amplitude trajectories are drawn in Fig. 14 . As in the adult production models, we analyzed only 80% of the curve duration so as not to include the initial amplitude rise.
In both Japanese and Greek nasals, there were significant effects of linear, quadratic and cubic terms. As shown in Table 10 , the coefficients of the intercept and the three polynomial parameters were very similar between the two languages. This similarity suggests that the overall nasal amplitude was comparable in Japanese and Greek, and the amplitude increased at a similar rate till the end of the murmur in the two languages.
In the models for the children's voiced stops, there was no effect of linear slope for any of the age groups except the 2-year old group, which also had significant higher-order polynomials in the amplitude curves. This suggests that the curve shapes of the Japanese and Greek voiced stops were similar, in that the amplitude slope during the voicing bar was more or less flat in the 3-, 4-and 5-year-olds' voiced stop productions, while the amplitude significantly increased over time in the voiced stops of the 2-year-old children.
The most interesting difference between Greek and Japanese voiced stops was found in the intercept coefficients of the models across the age groups (i.e., the overall amplitude level produced by the different age groups). The intercept coefficient for the Table 10 The output of deviance tests and parameter estimation for children's production of Greek and Japanese nasals (bold indicates p o0.05). amplitude of the voiced stops produced by 2-year-olds was higher than that of those produced by 4-and 5-year-olds in Japanese, whereas the intercept coefficient of Greek 2-year-olds' voiced stops was lower than that of older age groups of Greek. The higher level amplitude trajectories of Greek-speaking 5-year-olds' voiced stops indicates that their voiced stops were more nasal-like than the voiced stops of younger age groups of Greek. In the same vein, the lower level amplitude trajectories in Japanese 5-year-olds' voiced stops suggest that their voiced stops were the most voiced-stop-like among the age groups in Japanese. To summarize, as age increased, the differences between the amplitude trajectories of voiced stops for the two languages also increased. This can be observed both with respect to the shape of the curves and the overall amplitude level during the prevoicing.
Nasals
Discussion
The high amplitude and (for the adults, especially) the amplitude trajectory of the voicing lead captured the prenasalized quality of voiced stops of Greek fairly well. The onset of the amplitude trajectories of the voicing lead in Greek stops was as high as in nasal murmurs, followed (in the adults at least) by a pronounced amplitude drop toward the burst. However, although the degree of similarity between the voiced stops and the nasals varied depending on the speaker, the amplitude of Greek voiced stops immediately before the burst was consistently lower than the nasal amplitude across speakers. Note that while previous research has found that prenasalization of voiced stops is much more common in word-medial than word-initial position, we found a substantial amount of prenasalization even in wordinitial position. This might be attributed to a dialect characteristic of the Greek spoken in Thessaloniki or perhaps to the wordrepetition elicitation method used in the current study (see Arvaniti and Joseph (2000) for Standard Modern Athenian Greek voiced stops and Charalambopoulos et al. (1992) for Thessaloniki Greek voiced stops). In any case, this prenasalized quality was a language-specific characteristic of Greek voiced stops and was not observed in Japanese voiced stops. That is, all of the Tokyo Japanese speakers in our study were too young to produce even a mildly nasalized variant even for /c/.
A possibly related difference is that nasal consonants in Japanese exhibited varying degrees of overall amplitude levels, whereas the energy in Greek nasals were consistently higher. We speculate that the energy in the nasals can be more variable in Japanese, because voiced stops in Japanese are never strongly prenasalized. In Greek, by contrast, the energy in nasal consonants has to be consistently higher, because the Greek nasals are in contrast with the more variable and often prenasalized voiced stops.
The voiced stops produced by children acquiring Greek or Japanese also showed language-specific characteristics. The Greekspeaking children, like the Greek-speaking adults, produced prevoiced stops with varying degrees of nasality. In addition, the Greek children showed even more nasalization than the adults, with the nasality extending over the entire duration of the voicing lead. That is, the amplitude decline in the child speakers was often minimal, making their voiced stops look more like post-stopped nasals than like prenasalized stops. Thus, Greek children's voiced stops might be characterized as strongly prenasalized. By contrast, the prevoiced stops produced by the Japanese-speaking children were not prenasalized, similar to those of the Japanese-speaking adults. This supports the idea that the earlier acquisition of voiced stops by Greek-speaking children is related to a cross-linguistic difference in the degree of nasal venting during voiced stop production. As we hypothesized earlier, the use of the nasopharyngeal port opening should help children overcome the difficulty of maintaining a high enough supra-glottal pressure throughout the closure, facilitating the production of prevoicing for voiced stops. The evidence of a prenasalized or nasalized quality shown in the voicing lead of Greek-speaking children's productions suggests that they are taking advantage of the prenasalized nature of the voiced stops of their native language and thus achieve an early production proficiency for voiced stops.
Conclusion
This study explored how otherwise puzzling cases of crosslinguistic differences in the mastery patterns for the stop voicing contrast can be explained by a better understanding of the language-specific acoustic characteristics of the phonetic categories. For many languages, the adult VOT norms are a useful acoustic measure for predicting the relative order in which children master stop phonation types. In general, across languages, a common observation has been that the short lag VOT category appears first in children's productions, the long lag VOT category appears next, and the lead VOT category appears last, often after the age of 5 years. We investigated two specific cases in which predictions based on this common pattern failed.
The first case was the late mastery of Japanese voiced stops, many of which are transcribed as incorrect even when they are produced as short lag stops that are well within the adult VOT range of Japanese voiced stops. The second case was the early mastery of Greek voiced stops, which even very young children produced with highly adult-like lead VOT values. In order to understand these two puzzles, we had to look more carefully at the VOT patterns, and we had to look beyond VOT to understand the role of other acoustic parameters.
To resolve the Japanese puzzle, we examined the roles of three acoustic parameters, VOT, H1ÀH2 and f0, in a regression model that related these parameters to native speaker transcriptions of Japaneseand English-speaking children's productions. Although VOT was a very important predictor for both languages, H1À H2 and f0 were more important in Japanese than in English in predicting the transcription categories. These findings suggest that the cue-weightings of the contrast between voiced and voiceless stops are different for Japanese and English. We hypothesized that voiced stops are mastered later in Japanese relative to English, because Japaneseacquiring children need to learn how to produce differences in several acoustic parameters, while English-acquiring children need to learn to how to produce differences in only one.
To resolve the Greek puzzle, we developed an acoustic measure of prenasalization, as Greek voiced stops are optionally prenasalized. We hypothesized that this prenasalization would facilitate the production of prevoicing of voiced stops, since an open naso-pharyngeal channel should help children meet the aerodynamic conditions for initiating and maintaining voicing during closure. By comparing the spectral characteristics of the voicing lead in voiced stops and of the nasal murmur in nasals, we showed that the amplitude characteristics of the voicing bar at the beginning of voiced stops was highly similar to those of nasals in Greek. The Greek-acquiring children were mimicking this partially nasalized property of voiced stops, and further extended the nasal quality to the entire duration of the voicing lead. We inferred that Greek children overcome the difficulty of prevoicing by using the nasal venting of intraoral air pressure during closure.
A consistent finding across these two cases was that even the cross-linguistically common phonological stop voicing contrast is realized in the acoustic space in a language-specific way. Although Japanese voiced stops are becoming like English voiced stops in allowing a short lag variant, Japanese voiceless stops are different from English voiceless stops with respect to VOT values. The English voiceless stops in our study were consistently realized in the long lag VOT range whereas Japanese voiceless stops were realized in an intermediate lag VOT range. The intermediate lag VOT might be understood as a fourth type of VOT type -a ''partially'' aspirated stop -which was previously noted in Canadian French (Caramazza et al., 1973; Caramazza and Yeni-Komshian, 1974) , in Hebrew (Raphael et al., 1995) and in Korean as described in older studies predating a recent sound change (e.g., Han and Weitzman, 1970; Lisker & Abramson, 1964) . The Greek voicing contrast also taps language-specific categories. Greek voiced stops differ from Japanese and English voiced stops in having a partially nasalized variant rather than a short lag variant. VOT alone was not adequate to capture the difference between Greek and Japanese voiced stops.
These subtle acoustic differences have implications for acquisition. Children learning voiced stops or voiceless stops have to learn the specific acoustic parametric values appropriate for the ambient language. The findings of this study are consistent with earlier research showing that the language-specific phonetics of the stop voicing contrast predicts the order of mastery within the language. This study adds to that literature in showing that some seemingly exceptional patterns of earlier-than-usual or laterthan-usual mastery of some speech categories do not deviate from our expectations when we make an appropriately finegrained acoustic characterization of the category.
